Soil water plays a crucial role in biogeochemical processes within karst ecosystems. However, geochemical variations of soil waters under different land covers and the related karst critical zone processes are still unclear. In this study, five land covers, including grassland, dry land, shrub land, reforestation land, and bamboo land in the Qingmuguan karst area of Chongqing Municipality, Southwest (SW) China were investigated in order to better understand the spatio-temporal variations of soil water geochemistry and its controlling mechanisms. 
of soil water geochemistry and its controlling mechanisms. The hydrochemistry of soil water and stable carbon isotopic compositions of dissolved inorganic carbon (δ 13 C DIC ) in soil water were analyzed by a semi-monthly sampling strategy. The results show that there is remarkable spatiotemporal variation in the hydrochemistry and δ 13 C DIC of soil waters under different land covers in the studied area. Soil waters collected from shrub, dry, and afforestation lands have higher total dissolved solids (TDS), Ca 2þ , and HCO 3 À concentrations and heavier δ 13 C DIC , which is probably associated with the stronger carbonate dissolution caused by higher soil CO 2 and carbonate content in soils under these land covers. However, lower TDS, Ca 2þ , and HCO 3 À concentrations as well as δ 13 C DIC values but higher SO 4 2À concentrations are found in soil waters collected from bamboo land and grassland. The reason is that higher gypsum dissolution or oxidation of sulfide minerals and less soil CO 2 input occurs in soils under these two land covers. Under the shrub, dry, and afforestation lands, higher concentrations of Ca 2þ and HCO 3 À in soil waters occur in rainy seasons than in dry seasons, which are probably linked to higher CO 2 input due to stronger microbial activities and root respiration in the wet summer seasons. In addition, seasonal variations of NO 3 À concentrations in soil waters from the dry land are observed, and much higher NO 3 À concentration occurs in the rainy seasons than that in the dry seasons, which suggest that the agricultural fertilization may lead to high NO 3 À in soil water. On the vertical soil profile, except for the bamboo land, soil waters under different land covers commonly show an increasing trend of main ion concentrations with the increase of depth. This vertical variation of hydrochemistry and δ 13 C DIC values in soil waters is primarily controlled by the intensity of carbonate dissolution related to carbonate content in soils and soil CO 2 production. The season for fertilizer application is from May to early September.
The experimental site is a karst valley area covering 13.4 km 2 , 12.7 km in length with a northeast-southwest structural trend (Figure 1 
MATERIAL AND METHODS

Sampling
To estimate the influence of different land covers on soil water, five sampling sites, including grassland (Q1), dry land (Q2), shrub land (Q3), reforestation land (Q4), and bamboo land (Q5), were chosen in QKC. The water sampling sites are illustrated in Figure 3 and An extraction kit was connected to the device. Percolating water in the sampler was drained by using an assorted syringe 3-5 days before sampling. The samples were compressed to negative pressure, and its neoprene tubes were bent and clamped to ensure that the vacuum was maintained in the sampler. Carbonate is a prominent component of the soils. land covers. The measurement range is 0-60,000 ppmv, and the testing accuracy is 10 ppmv.
Chemical analysis
The water samples for hydrochemical analysis were stored in clean polyvinyl fluoride bottles and sealed with wax.
All of the water samples were preserved at 4 C until analysis, which was conducted within 10 days of sampling.
In the laboratory, concentrations of Na 
RESULTS
Hydrochemical characteristics of soil water under different land covers The major ion concentrations of soil water and precipitation were shown as a hexa diagram in Figure 4 . The soil water in this study area could be divided into three types. 
Seasonal variation of physicochemical parameters in soil water
The pH of all soil water samples is slightly lower in the wet season (6.66) than in the dry season (6.95) in the study areas.
The TDS in the soil water samples from all land types except grassland (Q1) was higher in the wet season than in the dry season. A detailed wet-dry-seasonal fluctuations for major ions are shown in Figure 5 . The concentrations of 
Vertical variations of physicochemical parameters in soil water
The pH values of soil water from grass, shrub, reforestation, and bamboo lands all showed an increasing trend with the increase in depth (Table 2) . By contrast, pH values in dry land samples showed a negligible change with an increase between soil profiles from 30 to 90 cm. In general, except for bamboo lands, the TDS of soil waters increased among the soil profiles. The concentration of mains ions in soil waters from grassland exhibited 
Soil carbonate content
The parent material of this study area is carbonate rock. The carbonate contents of the soil samples were summarized in Soil pCO 2 Figure 9 illustrates that there is a remarkable spatio-temporal variation of the soil CO 2 concentrations with different land covers. In general, the soil CO 2 concentrations were much higher than the CO 2 concentrations near the surface of the atmosphere. At soil depths of 0-80 cm from February to August, the CO 2 concentration changed from 1,000 to 27,100 ppmv, 1,700 to 42,300 ppmv, and 2,200 to 29,700 ppmv for grass, shrub, and bamboo lands, respectively.
In this study area, seasonal pattern was represented by a yearly cycle of change, with remarkable changes in summer but slight variations in winter. In addition, the highest CO 2 (Table 4) . Therefore, Ca 2þ and HCO 3 À in soil water mainly originated from carbonate dissolution in the study area. The carbonate contents in soils from shrub, dry, and afforestation lands were obviously higher than those in soils from bamboo and grass areas (Table 4) . Consisting of the carbonate contents data, the Ca 2þ and HCO 3 À in soil water collected from shrub, dry, and afforestation lands were apparently higher than those in soil water from bamboo and grass areas. Meanwhile, on the soil profile, the carbonate contents in soils and the concentrations of Ca 2þ and HCO 3 À in soil waters collected from shrub, dry, afforestation, and grass lands increased with an increasing depth; however, the carbonate content in soils and the concentrations of Ca 2þ and HCO 3 À in soil waters collected from bamboo land decreased with an increasing depth ( Figure 6 ).
The results indicated that the spatio-temporal variability of Ca 2þ and HCO 3 À in soil waters was determined by carbonate weathering, which was driven by soil CO 2 and carbonate content in soils under different land covers.
The concentrations of Na þ and K þ in the soil water samples exhibited minor spatial changes. The content of clay particles in the soil profile was negatively correlated with the concentration of K þ and Na þ in the soil water, with a coefficient of À0.653 (ρ < 0.01), À0.643 (ρ < 0.01), respectively (Table 4) . Clay particles can strongly absorb K þ and Na þ in the soil (Li et al. ) . Therefore, the more positive ions were absorbed by soil, the less is dissolved in the soil water. 
On the two sides of the catchment is the Upper Triassic
Xujiahe formation (T 3 xj), which consists of thin coal strata (Yang et al. ) . The Middle Triassic Leikoupo formation (T 2 l ) interbedded gypsum strata. As stated earlier (Table 2) , the concentrations of SO 4 2À in soil water collected from grass and bamboo lands were significantly higher than those in soil water collected from shrub, dry, and afforestation lands despite being under the same climatic conditions. The primary cause of the hydrochemical differences may be subsurface mineralogy in the soil. SO 4 2À in soil water can be derived from the dissolution of gypsum and the oxidation of sulfide minerals (Lang et al. ) . In addition to subsurface mineralogy origin, the precipitation was significantly enriched in SO 4 2À (average of 13.07 mg/L).
Precipitation acts as the water source of soil water. Therefore, the concentrations of SO 4 2À in soil water partly originated from precipitation. In summary, the dissolution of gypsum and acid rain provides abundant Ca 2þ and SO 4 2À ions for soil water from grass and bamboo lands;
hence, these samples belonged to the SO 4 -Ca type.
Effect of land covers on the hydrochemistry of soil water As stated above (Figure 9 ), there were remarkable differences in measured soil CO 2 with the different vegetation types. In general, soil CO 2 inputs controlled by biological activity, available soil moisture and precipitation, and dissolution of carbonate (Zhao et al. ) . Shrub land had a higher carbonate content and a strong bioactivity, due chiefly to the root respiration and microbial activity (Hanson et al. ) . Root respiration is enhanced, leading to an increase in soil CO 2 production. Therefore, the soil CO 2 concentrations in shrub land were more significant than those in grass and bamboo lands. In karst systems, a small part of the soil CO 2 diffuses to the atmosphere, whereas most parts are dissolved in the infiltration water (Jassal et al. ) . Soil CO 2 dissolves in soil water to form carbonic acid, which is a significant chemical driving force for carbonate dissolution (Jiang et al. ) . A higher soil pCO 2 of the shrub land led to a higher carbonate dissolution. Therefore, high contents of TDS, Ca 2þ , and HCO 3 À in soil water in the shrub land corresponded to a high CO 2 dissolution in water and a high carbonate content in soil, in which more limestone and dolomite are dissolved. The bamboo land has the lowest carbonate content results in lower soil CO 2 concentration. Furthermore, the bamboo land located in sloping land, with a thin soil layer, and then soil CO 2 in the bamboo land can readily degas. Thus, there was a low soil CO 2 concentration gradient in bamboo lands. With a low soil CO 2 concentration gradient in bamboo lands, a relatively weak vertical hydrochemical variation is observed in the soil water.
The CO 2 concentration also showed remarkable temporal variations, with a higher level in summer and a lower level in winter. The catchment experiences a Correlation is significant at the 0.01 level (2-tailed).
subtropical monsoon humid climate with a higher temperature and abundant precipitation in summer (June to August).
In summer, root respiration in the soil is strong, with the lush growth of plants; hence, larger amounts of CO 2 are generated (Atkin et al. ) . By contrast, soil CO 2 generation decreased as most weeds wither and die, and a low soil temperature was detected in winter. Therefore, temperature and humidity are the most important factors that determine the bioactivity in soils and make a significant contribution to soil CO 2 generation. Similarity, Ouyang & Zheng () reported that precipitation determines the soil water content available for biological respiration and the air-filled pore spaces available for CO 2 flux. Yang et al.
() revealed that pCO 2 (partial pressure of dissolved CO 2 in water) in karst water changed synchronously with soil CO 2 .
The similarities of insignificant seasonal variations between soil pCO 2 and the concentrations of Ca 2þ and HCO 3 À in soil waters indicated that the soil water hydrochemistry was mainly determined by carbonate weathering, which is driven by soil pCO 2 , the latter varying with both precipitation and temperature. In summer rainy seasons, more corrosive CO 2 -water solution is generated as the soil CO 2 concentration increases; as a consequence, erosion strongly occurs and high TDS and HCO 3 À levels can be This suggests that weathering of carbonate rocks by nitric acid may be insignificant in a dry land.
As mentioned above, carbonate dissolved by carbonic acid, sulphuric acid, and nitric acids has made important contributions to the changes in hydrochemistry and by mixed acids in this study area. The various mechanisms can be described by the following Equations (5) and (6).
2. Weathering of carbonate bedrock by mixed acids.
4(Ca 1Àx Mg x )CO 3 þ H 2 CO 3 þ HNO 3 þ H 2 SO 4
11(Ca 1Àx Mg x )CO 3 þ H 2 CO 3 þ 2NH 4 NO 3 þ 3O 2 þ H 2 SO 4
According to Equations (5) and (6) 
